Hemispheric brain asymmetry has been the focus of numerous anatomical and psychological studies 1 , and possible molecular correlates of such asymmetry have recently been identified in the mouse hippocampus [2] [3] [4] . It was found that postsynaptic spines of CA1 pyramidal cells targeted by projections from the right CA3 are larger and have higher GluA1, but lower GluN2B, expression than postsynaptic spines contacted by projections from the left CA3 (ref. 3). Given that changes in glutamate receptor distribution are thought to mediate long-term synaptic plasticity 5 , we sought to investigate the effect of this hemispheric asymmetry on spike timing-dependent long-term potentiation (t-LTP) 6, 7 .
B r i e f c o m m u n i c at i o n s
Hemispheric brain asymmetry has been the focus of numerous anatomical and psychological studies 1 , and possible molecular correlates of such asymmetry have recently been identified in the mouse hippocampus [2] [3] [4] . It was found that postsynaptic spines of CA1 pyramidal cells targeted by projections from the right CA3 are larger and have higher GluA1, but lower GluN2B, expression than postsynaptic spines contacted by projections from the left CA3 (ref. 3) . Given that changes in glutamate receptor distribution are thought to mediate long-term synaptic plasticity 5 , we sought to investigate the effect of this hemispheric asymmetry on spike timing-dependent long-term potentiation (t-LTP) 6, 7 .
To selectively stimulate axons from either left or right CA3 pyramidal neurons, we made stereotactic injections of an adeno-associated virus containing a loxP-flanked inverted open reading frame (DIO) gene encoding a Channelrhodopsin2-eYFP (enhanced yellow fluorescent protein) fusion protein 8 (Fig. 1a) into either the left or right CA3 region in adult Camk2a::cre transgenic mice. This led to Cre-dependent, selective expression of Channelrhodopsin2-eYFP in cells positive for calcium/calmodulin-dependent kinase IIα (CamKIIα) (that is, excitatory cells) in the CA3 of one hippocampus and their ipsilateral and contralateral projections (Schaffer collateral and commissural fibers, respectively) (Fig. 1b,c) . We prepared coronal slices of the hippocampal formation and obtained wholecell recordings from CA1 pyramidal cells 14-28 d after injection (Supplementary Methods). Optical stimulation with 473-nm laser light in the stratum radiatum evoked reliable excitatory postsynaptic potentials (EPSPs) over the course of the experiment (EPSP slope remained stable for more than 50 min at 0.1-Hz stimulation, n = 5; Supplementary Fig. 1 ). These responses were comparable to EPSPs evoked by extracellular electrical stimulation, in that both were mediated by the generation of axonal action potentials We next investigated t-LTP at the CA3-CA1 synapse, monitoring EPSPs evoked by alternating optical and electrical stimulation in the stratum radiatum. Although electrical stimulation activates fibers irrespective of their hemispheric origin, optical stimulation specifically recruits fibers from the injected CA3. To guard against the possible effects of different expression patterns or levels following left and right injection, we induced t-LTP under equivalent conditions by adjusting light intensity and electrical current to produce similar sized EPSPs (2-4 mV), and using a burst pairing protocol 7 with simultaneous activation of electrical and optical input. Pairing consisted of presynaptic stimulation followed 5-10 ms later by a postsynaptic burst of action potentials and was repeated 100 times (Supplementary Methods). There was a significant difference in the magnitude of t-LTP induced depending on the hemispheric origin of afferent fibers. In slices prepared from left-injected animals, pairing elicited robust t-LTP in the optically evoked input (144 ± 8%, n = 14; P < 0.01, Student's t test), whereas slices from right-injected animals showed no t-LTP in the optical pathway (93 ± 8%, n = 14, P = 0.37, Student's t test). Consistent with earlier reports 9,10 , this was not caused by possible differences between ipsilateral and contralateral pathways, as we found t-LTP of equivalent magnitude in the ipsilateral and contralateral optical pathway in slices from left-injected mice (ipsilateral, 145 ± 9%, n = 7; contralateral, 142 ± 13%, n = 7; Fig. 2a-c) . In contrast, we found no t-LTP in either optical pathway in right-injected mice (ipsilateral, 96 ± 10%, n = 7; contralateral, 90 ± 12%, n = 7; Fig. 2d-f ). There were no significant differences between the electrical pathways (left-injected: ipsilateral, 164 ± 12%, n = 7; contralateral, 160 ± 8%, n = 7; right-injected: ipsilateral, 159 ± 12%, n = 7; contralateral, 163 ± 14%, n = 7; F 3,24 = 0.04, P = 0.99, ANOVA).
To exclude the possibility that this left-right difference was a result of an induction threshold effect, we repeated the experiments with a stronger pairing protocol in the hippocampus contralateral to the 
blind to injection side, producing equivalent results (optical pathway: left-injected, 142 ± 20%, n = 6; rightinjected, 111 ± 12%, n = 6; electrical pathway: left-injected, 150 ± 15%, n = 6; right-injected, 169 ± 19%, n = 6; Supplementary Fig. 2) .
Subsequently, we wanted to examine a possible mechanism underlying this asymmetry in t-LTP. NMDA receptor (NMDAR) activation is known to be required for induction of LTP 6 ; we therefore first tested whether CA1 cells showed a difference in NMDAR/AMPA receptor (AMPAR)-mediated current ratio (NMDA/AMPA ratio) depending on the hemispheric origin of their presynaptic input from CA3. However, they did not: the overall NMDA/AMPA ratio was not different with respect to input (left-injected: optical stimulation, 23 ± 3%; electrical stimulation, 26 ± 4%; right-injected: optical, 27 ± 3%, electrical, 25 ± 2%; n = 6; Fig. 3a) . Nevertheless, there was an NMDAR subunitdependent difference between the two sides: the selective GluN2B subunit antagonist Ro 25-6981 (0.5 µM) blocked 60% of the total NMDAR current from left CA3 inputs compared with 38% of the total NMDAR current from right CA3 inputs (left-injected: Ro 25-6981, 22 ± 1 pA; control, 55 ± 9 pA, n = 6; right-injected: Ro 25-6981, 33 ± 3 pA; control, 53 ± 7 pA; n = 7; Fig. 3b ). To test whether this difference could explain why left CA3 input displays more t-LTP, we repeated pairing experiments in the presence of 0.5 µM Ro 25-6981. t-LTP in left-injected animals was completely blocked under these conditions (Fig. 3c) , suggesting that the difference in GluN2B subunit expression is sufficient to explain the hemispheric asymmetry in t-LTP. Similar to electrical pairing-induced t-LTP, optically evoked t-LTP is most likely expressed postsynaptically, as we observed no change in PPRs following t-LTP induction (Supplementary Table 1 ).
In summary, using optogenetic tools for cell type-and hemispherespecific recruitment of CA3 axons, we found that inputs from the left CA3 onto CA1 pyramidal cells are more able to produce t-LTP than inputs from the right CA3. This hemispheric asymmetry in plasticity could be explained by differential GluN2B expression at synapses targeted by the left and right CA3 (ref. 3) , consistent with recent evidence suggesting that GluN2B subunit-containing NMDARs favor LTP induction 11, 12 . Given that cortical NMDAR subunit expression appears to be regulated by activity-dependent mechanisms [12] [13] [14] , this result raises the possibility that the left and right CA3 might be differentially active and hence produce input-specific differences in postsynaptic spines, consistent with recent morphological observations that spines receiving input from right CA3 are more mature than those receiving left CA3 input 3 . The behavioral consequences of the hemisphere-specific asymmetry in synaptic plasticity that we found remain to be investigated, but such experiments are now possible using optogenetic control of neuronal activity in vivo 15 .
Note: Supplementary information is available on the Nature Neuroscience website.
